OBJECTIVEdThe aim was to investigate the relationships between skin autofluorescence (AF) and the impact of past glycemic control and microvascular complications in Japanese patients with type 1 diabetes.
A dvanced glycation end products (AGEs) are generated via nonenzymatic reactions of ketone or aldehyde groups of sugars with free amino groups of proteins, lipids, or nucleic acids, and these reactions are referred to as Maillard reactions (1) . The accumulation of AGEs on tissue proteins has been implicated in the aging of proteins and progression of chronic age-related diseases (2) . The measurement of AGE accumulation in skin biopsy specimens, as determined via AGE assays, was found to correlate with serum AGEs (3). Monnier et al. (4) reported that the average age-adjusted fluorescence values in skin biopsy specimens were two-fold greater in patients with type 1 diabetes compared with nondiabetic control subjects, and these values increased with the severity of diabetic retinopathy and nephropathy. To measure the collagen glycation in skin, invasive skin biopsy method is not applicable in routine clinical diabetes care in outpatient clinic. The measurement of plantar fascia thickness via ultrasound is a noninvasive method of measuring tissue glycation and is a significant predictor of the subsequent development of microvascular complications in type 1 diabetes (5) . Recently, a noninvasive method using an autofluorescence (AF) reader for the measurement of skin AGE accumulation was developed. An AF reader calculates AF by dividing the average light intensity emitted per nanometer over the 420-to 600-nm range by the average light intensity emitted per nanometer over the 300-to 420-nm range. Meerwaldt et al. (3) reported that skin AF offers a simple alternative to invasive measurements of AGE accumulation after pepsin digestion of skin biopsy samples via collagen-linked fluorescence (CLF) (excitation at 370 nm and emission at 440 nm) and pentosidine measurements with high-performance liquid chromatography (excitation at 328 nm and emission at 378 nm), N e -carboxymethyllysine (CML), and N e -carboxyethyllysine (CEL) (6) . They reported that skin AF correlated with pentosidine, CML, CEL, and CLF measurements obtained from skin biopsy samples (5) .
However, the majority of previous studies of the measurement of AGE accumulation include Caucasian patients and, thus, the issue of racial differences is not addressed. Furthermore, previous studies using skin AF in Japanese subjects studied patients with end-stage renal disease (7), rheumatoid arthritis, osteoarthritis (8) , and cerebral infarction (9) . It was found that skin AF was significantly higher in patients with end-stage renal disease, rheumatoid arthritis, and cerebral infarction than that of healthy controls.
Thus, the aim of the current study was to investigate the relationships between skin AF, glucose metabolism, and diabetic vascular complications using an AF reader in Japanese patients with type 1 diabetes.
RESEARCH DESIGN AND METHODS

Subjects
Two hundred forty-one Japanese patients with type 1 diabetes were randomly selected via review of clinical notes between May 2008 and March 2010. Type 1 diabetes mellitus was defined according to criteria put forth by the Committee of the Japan Diabetes Society on the diagnostic criteria of diabetes mellitus published in 1999 (10) . Patients older than 17 years with onset of type 1 diabetes were recruited. All patients were treated with multiple daily insulin injection or continuous insulin subcutaneous infusion under medical supervision in our department. One hundred ten nondiabetic and age-matched control subjects who did not have a self-reported history of diabetes, arteriosclerosis, and renal dysfunction also were recruited. Skin AF was noninvasively measured in 241 diabetic patients and 110 nondiabetic healthy subjects. Patients with psychosis or eating disorders, or both, were excluded from the study. The current study was approved by the Ethics Committee of the Tokyo Women's Medical University School of Medicine, and written informed consent was obtained from each subject.
Skin AF
Skin AF was assessed on the ventral side of the forearm using a skin AF reader (AGE Reader; DiagnOptics BV, Groningen, the Netherlands). The AF reader is the first and only diagnostic device that noninvasively measures the tissue accumulation of AGEs using the fluorescence of ultraviolet light. Briefly, the AF reader illuminates ;1 cm 2 of skin, which is guarded from surrounding light, with an excitation light source ranging from 300 to 420 nm (peak excitation, 370 nm). AF was calculated by dividing the average light intensity emitted per nanometer over 420 to 600 nm by the average light intensity emitted per nanometer over 300 to 420 nm. Skin AF measurement was performed on the ventral side of the forearm after wiping the skin with an alcohol swab in the sitting position at room temperature. Measurement was performed once per person.
With respect to the reproducibility of the results, the coefficient of diurnal variation of the skin AF measurement was 3.7% when we repeated the skin AF measurement 10 times on the same day for 14 control subjects. Furthermore, the coefficient of daily variance was 4.6% when we repeated the skin AF measurement once per day for 5 days for each of the 9 control subjects. In the previous report, the coefficient of variation based on repeated skin AF measurements on the same day was 2.8% (n = 5) (7). These data from our present study and a previous study by others indicate that each AF value obtained in our study has little error and, therefore, is reliable. . The degrees of retinopathy were defined as no, background, and preproliferative or proliferative retinopathy based on direct ophthalmoscopy with dilated pupils 3 months before and after the assessment of biochemical markers. Background retinopathy was defined as the presence of microaneurysm or any hemorrhages, hard exudate, or soft exudates, whereas proliferative retinopathy was defined as retinal neovascularization and vitreous hemorrhage attributable to retinal neovascularization, including the postphotocoagulate state with level 60 or higher as judged by the modified Airlie House System (13) . The retinopathy stage was diagnosed by several ophthalmologists specialized in diabetic retinopathy in our institute. In this study, no blinding of the ophthalmologists was performed. For the classification of retinopathy, retinal or fundus photography was observed by well-trained ophthalmologists. Stages of nephropathy were classified by two separate methods. In the first method, chronic kidney disease (CKD) stages 1-5 defined by National Kidney Foundation practice guidelines for CKD (14) were used. In the second method, the nephropathy was classified into five stages using urinary albumin excretion values as follows: 1) normoalbuminuria (ACR ,30 mg/g Cr); 2) incipient nephropathy (ACR $30 but ,300 mg/g Cr); 3) overt nephropathy (ACR $300 mg/g Cr); 4) chronic renal failure (serum Cr .2.0 mg/dL); and 5) renal failure on dialysis. Three monthly HbA 1c levels during the past 20 years were determined from previous medical records, and the HbA 1c area under the curve (AUC) was calculated. 
Statistical analysis
Differences between groups were tested by unpaired Student t test (if normally distributed) for continuous variables. P , 0.05 (two-tailed) indicated statistical significance. The multivariate stepwise linear regression analyses were performed with SPSS version 15.0 or R version 2.15.0 for Windows. Severity of nephropathy or retinopathy was coded by integer values in the regression analysis as described in herein. Non-normal distributed values were log-transformed before inclusion in the analysis.
RESULTSdThe baseline characteristics of 241 patients with type 1 diabetes are presented in Table 1 . The mean age at registration was 36.7 6 10.5 years, duration of diabetes was 18.2 6 10.4 years, and BMI was 23.2 6 3.1 kg/m 2 . Patients were subdivided into three groups according to their stage of diabetic retinopathy as follows: none (n = 160; coded as 0 in the regression analysis); background (n = 43; coded as 1); and preproliferative or proliferative (n = 38; coded as 2). Additionally, all patients were classified into five groups in two separate methods as described previously. With the first method of classification (National Kidney Foundation practice guidelines), 117, 112, 8, 1, and 3 patients were classified as having CKD stage 1, 2, 3, 4, and 5, respectively (Table 1) . However, with the albuminuria-based classification, 208, 19, 9, 2, and 3 patients were classified as having CKD stage 1, 2, 3, 4, and 5, respectively ( Table 1 ). The mean (6SD) age at registration of 110 nondiabetic subjects was 36.0 6 9.4 years, and that of BMI was 21.9 6 2.3 kg/m 2 . There was no difference in age at registration between 241 type 1 diabetic patients and 110 controls, whereas the diabetes group had higher BMI than the control group (P , 0.001).
Clinical parameters correlated with skin AF There was a positive correlation between age at registration and skin AF in patients with type 1 diabetes and nondiabetic control subjects (R = 0.43, P , 10 212 ; R = 0.31, P , 0.001). To exclude the influence of aging, we analyzed the difference in skin AF using the age-matched diabetic and control groups. Thus, the patients with current age younger than 41 years (156 patients with type 1 diabetes; 30.5 6 6.0 years) and 82 age-matched controls (31.6 6 4.9 years) were compared. There were no differences in age at registration between the 156 type 1 diabetic and 82 control subjects. Skin AF values were significantly higher in patients with type 1 diabetes (2.31 6 0.50) than those of age-matched controls (1.95 6 0.32; P , 10 210 ; Student t test) ( Supplementary Fig. 1 ).
We also investigated whether there is an association between skin AF and various clinical parameters (n = 241). Skin AF values were positively correlated with duration of diabetes (R = 0.50; P , 10 215 ) in patients with type 1 diabetes. There were positive correlations between skin AF and HbA 1c at baseline (R = 0.27; P , 0.0001), BMI (R = 0.15; P , 0.05), Cr (R = 0.23; P , 0.001), systolic blood pressure (R = 0.20; P , 0.01), log(ACR) (R = 0.31; P , 10 25 ), and log(triglycerides) (R = 0.18; P , 0.05). There was a negative correlation between skin AF and eGFR (R = 20.29; P , 10 25 ). There was no significant correlation between skin AF and blood glucose, LDL cholesterol, or diastolic blood pressure.
Correlation between skin AF and diabetic microvascular complications The relationships between skin AF and diabetes microvascular complications at baseline are presented in Fig. 1 . In regard to diabetic retinopathy, skin AF increased with increasing severity of retinopathy from no retinopathy (coded as 1 for the regression analysis), to background retinopathy (coded as 2), to preproliferative or proliferative retinopathy (coded as 3) (P , 10 211 , linear regression analysis) (Fig. 1A) . We also performed a regression analysis in which the severity of retinopathy was interpreted as a categorical variable. The results indicated that the skin AF was associated with the difference between none and background groups (P = 4.5 3 10 27 ) and between none and preproliferative or proliferative groups (P = 1.2 3 10 29 ). As stated, staging of nephropathy was performed by two separate methods, i.e., one by the classification according to National Kidney Foundation practice guidelines for CKD (14) , and the other by albuminuria-based method. Figure 1B shows the increase of skin AF values with the increasing stage of CKD, from 1 (coded as 1 for the regression analysis), to 2 (coded as 2), to 3 (coded as 3), to 4 or 5 (coded as 4) (P , 10
25
, linear regression analysis). We also performed a regression analysis in which the severity of CKD was interpreted as a categorical variable. The results indicated that the skin AF was associated with the difference between none and stage 2 (P = 0.00095), between none and stage 3 (P = 0.021), and between none and stage 4 or 5 (P = 0.00060). Figure 1C shows the increase of skin AF values with increasing the albuminuria-based stage from 1 (coded as 1 for the regression analysis), to 2 (coded as 2), to 3 or 4 (coded as 3), to 5 (coded as 4) as described (P , 10
, linear regression analysis). The results of the regression analysis in which the severity of nephropathy stage was incorporated as a categorical variable indicated that the skin AF was associated with the difference between none and microalbuminuria (P = 0.00022), between none and macroalbuminuria or chronic renal failure (P = 0.28), and between none and hemodialysis (P = 8.3 3 10 2 6 ). Furthermore, we examined the relationship between skin AF and diabetic retinopathy in the patients without nephropathy to exclude the impact of nephropathy. For the patients in the CKD stage 1 and CKD stage 2 groups, skin AF increased with increasing stage of retinopathy from no retinopathy (n = 158), to background retinopathy (n = 39), to preproliferative or proliferative retinopathy (n = 31) (P , 10 211 , linear regression analysis) (Supplementary Fig. 2 ).
Past metabolic control and current skin AF To determine the effects of past glycemic control and its duration in current skin AF, three monthly HbA 1c values were Data are presented as mean 6 SD unless otherwise specified. SBP, systolic blood pressure; DBP, diastolic blood pressure; NKF, National Kidney Foundation; ACR, urinary albumin excretion rate. *None/background/preproliferative or proliferative. †Classification of nephropathy according to National Kidney Foundation practice guidelines for CKD (14) . ‡Normoalbuminuria/microalbuminuria/macroalbuminuria chronic renal failure/chronic renal failure on dialysis.
determined over the past 20 years. The correlations between skin AF and HbA 1c AUC for the past 3, 5, 10, 15, and 20 years from baseline were determined in patients with type 1 diabetes (Fig. 2) . In the patients with type 1 diabetes, HbA 1c AUC over the past 15 years significantly correlated with skin AF, and the correlation coefficient increased with increasing durations of HbA 1c AUC (past 5 years, n = 179: R = 0.35, P , 0.0001; past 10 years, n = 110: R = 0.36, P , 0.0001; and past 15 years, n = 58: R = 0.55, P , 0.0001). However, there was no significant correlation between skin AF and HbA 1c AUC for the past 20 years (R = 0.22; P = 0.13; n = 28). Multivariate stepwise regression analysis using duration of diabetes, age at registration, age at onset of diabetes, sex, and BMI in addition to HbA 1c AUC for the past 10 years as independent variables revealed that HbA 1c AUC for the past 10 years, duration of diabetes, and onset age were independent variables associated with current skin AF value (b = 0.421, P , 10 26 ; b = 0.470, P , 10 25 ; b = 0.244, P , 0.01).
Next, we performed a univariate linear regression analysis to examine the associations between the severity of either nephropathy or retinopathy and HbA 1c AUC over the past 3-20 years (Table 2 and Supplementary Figs. 3-5 Fig. 5 ) (P , 0.0001-0.01, linear regression analysis), whereas the association was not significant between the albumin-based stage of nephropathy and HbA 1c AUC value over 20 years (P = 0.324). These results suggest that the albuminuria-based stage of nephropathy is a more sensitive indicator of diabetes-associated nephropathy than the stage of CKD according to the classification by National Kidney Foundation practice guidelines (14) , at least in our data set.
We performed a multivariate stepwise linear regression analysis using the albuminuria-based stage of nephropathy as a dependent variable, and age at registration, age at onset of diabetes, duration of diabetes, sex, BMI, and skin AF as well as AUC of HbA 1c over the past 15 years were used as independent variables. We used the AUC data over the past 15 years rather than the other periods because this was the longest period in which the clear associations with the diabetes complications were observed. The results indicated that AUC of HbA 1c over the past 15 years (b = 0.454; P , 0.01) and sex (b = 20.282; P , 0.05; male . female) were significantly associated with the albuminuriabased stage of nephropathy. Equivalent multivariate linear regression analysis was performed to search for factors independently associated with retinopathy by using the severity of retinopathy as a dependent variable, and age at registration, age at onset of diabetes, duration of diabetes, sex, BMI, and skin AF as well as AUC of HbA 1c over the past The patients were classified into three stages of retinopathy; i.e., "none," "background," and "preproliferative or proliferative." B: The patients were classified into five classifications of CKD according to National Kidney Foundation practice guidelines (14) . Stages 4 and 5 were combined because they had small numbers of the patients. In the regression analysis, stages 1, 2, and 3 were coded as 1, 2, and 3, whereas stages 4 and 5 were combined and coded as 4. C: The patients were classified into five albuminuria-based stages of nephropathy as described in the Methods. Stages 3 and 4 were combined because they had small numbers of patients. In the regression analysis, stages 1, 2, and 5 were coded as 1, 2, and 4, whereas stages 3 and 4 were combined and coded as 3. variables. The results indicated that only AUC of HbA 1c over the past 15 years (b = 0.539; P , 10 24 ) was significantly associated with the severity of retinopathy.
These results clearly indicate that past glycemic control for a long period exerts a strong effect on the occurrence of nephropathy and retinopathy. However, AUC of HbA 1c is not usually available in the routine clinical practice. We therefore tested whether skin AF can serve as a surrogate marker instead of AUC of HbA 1c for the microvascular complications. We removed AUC of HbA 1c over the past 15 years from independent variables in these analyses. Thus, we performed a multivariate stepwise linear regression analysis using the albuminuria-based stage of nephropathy as a dependent variable, and age at registration, age at onset of diabetes, duration of diabetes, sex, BMI, and skin AF were used as independent variables. The results indicated that only skin AF was significantly associated with the albumin-based stage of nephropathy (b = 0.287; P , 10 2 5 ). Next, we performed a multivariate stepwise linear regression analysis using the severity of retinopathy as a dependent variable, and age at registration, age at onset of diabetes, duration of diabetes, sex, BMI, and skin AF were used as independent variables. The results indicated that age (b = 0.364; P , 10 25 ), age at onset of diabetes (b = 20.387; P , 10 26 ), and skin AF (b = 0.241; P , 0.001) were significantly associated with the severity of retinopathy.
CONCLUSIONSdTo the best of our knowledge, the current study was the first to demonstrate that skin AF, as measured via a noninvasive AF reader, was significantly correlated with past long-term glycemic control in patients with type 1 diabetes. It was found that present skin AF was significantly and positively correlated with HbA 1c AUC over the past 15 years. However, there was a weaker correlation between skin AF and HbA 1c AUC over the past 20 years than that over the past 15 years. One reason for this discrepancy may be that there were a smaller number of diabetic patients who had a history of HbA 1c up to 20 years. We could not obtain HbA 1c levels during the past 20 years completely, even in the patients with .20 years of diabetes duration when they were transferred from other hospitals to our hospital. The second reason may be that onset age of diabetes has been identified as an important factor for retinopathy onset. Olsen et al. (15) reported prepubertal disease duration contributed to the subsequent development of retinopathy. Mean (6SD) onset age of our subjects who had records of HbA 1c for up to 20 years (n = 28) was 15.8 6 10.4 years, which is during puberty.
The AGEs that can be measured with an AF reader are CLF, CML, CEL, and pentosidine (6) . In the Diabetes Control and Complications Trial (DCCT) substudy, Monnier et al. analyzed the effects of long-term glycemic control as determined from measurements of skin AGEs via biopsy on early stage and advanced glycation products. They reported that skin AGEs were reflected by the deposited furosine levels over the course of .1 year, and CML, pentosidine, and pepsin-soluble collagen were reflected by the deposited furosine levels over the past several years (6) . Skin AF is an established method of measuring AGEs; however, it is only a noninvasive surrogate marker. In the current study, we did not measure specific skin AGEs, but we believe that the skin AF values reflect the levels of CML, pentosidine, and pepsin-soluble collagen deposited. Thus, skin AF values may be used as an index marker of long-term glycemic control compared with HbA 1c . Furthermore, skin AGEs were measured via biopsy in the DCCT subanalysis, and it was found that furosine levels decreased by 30-32%, pentosidine decreased by 9%, and CML decreased by 9-13% in the intensive treatment group compared with the conventional treatment group (16) . These findings suggest that a reduction in AGEs is one of the indexes of restrain in diabetes complications (3, 16, 17) . After a mean follow-up duration of 3.3 years, Gerrits et al. (18) reported that integrated HbA 1c poorly predicts changes in skin AGEs as measured with skin AF in patients with type 2 diabetes.
Although the current study was retrospective over the past 20 years with younger patients with type 1 diabetes, skin AF values were significantly correlated with HbA 1c AUC over the past 15 years. Because we recruited relatively younger patients with type 1 diabetes, it was likely an advantage because it allowed us to examine the correlation between skin AF and integrated HbA 1c , excluding the effects of aging and arteriosclerotic factors.
Furthermore, we investigated the effect of the long-term glycemic control on the important microvascular complications of diabetes. In a multivariate linear regression analysis using the albuminuria-based stage of nephropathy as a dependent variable, we showed that HbA 1c AUC for the past 15 years and sex were significantly associated with the stage. Although we could not detect the association between the stage of CKD according to National Kidney Foundation practice guidelines (14) and HbA 1c AUC, this may reflect the fact that significant reduction of eGFR is the end-stage observation of diabetes-associated nephropathy. Albuminuria is an earlier observation and may be associated more tightly with the past glycemic control, at least in our dataset in which the number of the patients with advanced nephropathy was rather small. Concerning retinopathy, only HbA 1c AUC over the past 15 years was significantly associated with the severity of retinopathy. These results clearly indicated that the poor long-term glycemic control is the dominant factor for the development of nephropathy and retinopathy, although male diabetic patients may be more likely to develop nephropathy than females. Because HbA 1c AUC values may not be easily available in routine clinical practice, we examined whether skin AF can be a surrogate marker for diabetes complications.
In the multivariate regression analysis from which HbA 1c AUC was removed, we showed that only skin AF was the significant variable associated with the albuminuria-based stage of nephropathy. Then, we performed the similar analysis for retinopathy. The results indicated that age at registration, onset age, and skin AF were the significant variables associated with the severity of retinopathy. Thus, retinopathy is independently associated with skin AF and develops more frequently in older patients and in those with younger age at onset. These results suggest that skin AF may serve as a surrogate marker for microvascular complications in type 1 diabetic patients when integrated HbA 1c values for long periods are not available.
One limitation of the current study was the smaller number of subjects with macroalbuminuria or overt nephropathy and those requiring hemodialysis. The association between skin AF or past glycemic control and the severity of nephropathy (especially for stage of CKD) may have been clearer if there were a larger number of patients with renal complications. It is difficult to collect successive data in the same patients with type 1 diabetes at one medical facility for .20 years. Despite this, the collected data from one medical facility should be more stable because the same treatment policy and techniques are used to measure HbA 1c . Therefore, these results would be more reliable over the long-term.
Furthermore, the data about macrovascular complications were not included. However, the prevalence of macrovascular complications, coronary heart disease, cerebral vascular disease, and arteriosclerosis in Japanese patients with type 1 diabetes are lower than those of Caucasian patients (19, 20) . A previous study reported that skin AF was strongly associated with cardiac mortality independent of diabetes (21) . Additionally, it also was reported that skin AF levels are a predictor of the onset of macrovascular complications in type 2 diabetes, as determined by the United Kingdom Prospective Diabetes Study (UKPDS) risk engine (22) . In Japanese patients with type 2 diabetes, one cross-sectional study recently reported that the odds ratio of skin AF levels for macrovascular complications was 7.25 (95% CI, 2.22-23.7), and that skin AF levels are an important risk factor for macrovascular diseases (23) .
To date, there are no other reports that examine changes in AGEs accumulation over time, because most previous studies used invasive skin biopsies. Thus, cohort studies that assess changes in glycemic control over time and skin AF Finally, in the current study, it was found that skin AF, which was measured via an AF reader, significantly correlated with previous long-term HbA 1c AUC. A prospective study that examines the associations between the onset and progression of diabetes complications and skin AF levels in Japanese patients with type 1 diabetes is necessary.
